As indicated by its name, Matrin3 was discovered as a component of the nuclear matrix, an insoluble fibrogranular network that structurally organizes the nucleus.
RNA processing 6 , insulation of genomic domains 7 and facilitating DNA replication 8 .
Thus, attachment of chromatin to the nuclear matrix not only spatially organizes the nucleus, but also contributes to numerous nuclear functions.
Box 1. The nuclear matrix
The nuclear matrix consists of a non-chromatin fibrogranular ribonucleoprotein network located within the nucleus but connecting with the internal surface of the nuclear membrane, interior to the nuclear lamina. Sometimes called the nuclear scaffold or skeleton, historically the nuclear matrix has been defined in two complementary ways. First, and most importantly, electron microscopy allowed direct visualization of an extensive non-chromatin branched fibrogranular ribonucleoprotein network that had not been evident in earlier analyses by light microscopy 9 . Biochemical approaches identified the matrix as a structure resistant to sequential extractions, including high concentrations of salt, non-ionic detergents and digestion with DNase. These treatments remove both soluble complexes such as the spliceosome as well as some insoluble complexes including chromatin. The general structure of the nuclear matrix is insensitive to DNase treatment, emphasizing the identity of the matrix as a separate entity from chromatin, albeit one that is proposed to organize F o r P e e r R e v i e w 3 3 chromatin loops via interaction at S/MARs. Conversely, the matrix is sensitive to RNase digestion, indicating that ribonucleoprotein complexes are integral to the structure, and presumably functions, of the matrix 10 . One of the major challenges in understanding the nuclear matrix is defining the major protein constituents that underlie the observed filamentous structure; proteomic analyses indicate a highly complex composition 11 , including many RNA binding proteins. The matrix-association of proteins known to be active in various nuclear processes argues for the functional importance of the matrix. Nevertheless it should be noted that the concept of a nuclear matrix is not universally accepted 12, 13 .
Matrin3 was identified by analysis of the protein complement of the biochemically defined nuclear matrix fraction 1 . To characterize the key players of the nuclear matrix, Berezney and colleagues used two-dimensional polyacrylamide gels to separate and identify the major protein components of the extracted nuclear matrix from rat liver cells proteins have been found to localize to this structure and have been identified using quantitative proteomic tools 11 . Taking a complementary approach Sugano and colleagues identified a 130kDa protein, initially named P130 after its gel migration size, which binds to AT-rich sequences found in highly repetitive matrix-associated DNA sequences, and upon protein sequence analysis revealed to be Matrin3 14, 15 .
Although a major component of the matrix that provides structure and organization to the nucleus, the majority of the 847 amino acids of Matrin3 comprise intrinsically disordered regions, with the exceptions of two zinc-finger domains and two tandem RNA binding domains 16 . The assumption that its matrix localization implies a passive structural role could not be further from the truth; Matrin3 has been associated with functions ranging from transcription regulation, pre-mRNA splicing, mRNA stability, DNA damage repair to cell proliferation (see below). The involvement of Matrin3 and other nuclear matrix proteins in these processes suggests that the nuclear matrix might have important roles not only in the spatial organization and compartmentalization, but also in the activity of the specialized machineries involved in these various nuclear functions. 
Domain structure and function of Matrin3
Four distinguishable structured domains are present in Matrin3 (Fig. 1A) , two DNA binding C 2 H 2 zinc-finger domains (ZF) and two RNA binding domains of the RNA recognition motif type (RRM) 16 . In addition to these domains there are also a bipartite nuclear localization signal (NLS) and a nuclear export signal (NES) 16, 17 .
Most of the remaining protein sequence is predicted to be disordered, and therefore might be dedicated to mediating protein-protein interactions, as motifs for protein interactions are commonly found in disordered regions 18 . One such motif is a PTBP1
RRM interaction motif (PRI), a 7 amino acid motif that mediates interaction with the splicing regulator polypyrimidine tract binding protein (PTBP1) and possibly other proteins 19 .
Along with Lamin B, Matrin3 is one of the few nuclear matrix proteins that do not bind to total genomic DNA from rat liver, when analysed for DNA binding by southwestern blot 20 . Nevertheless, subsequent studies have shown that Matrin3 can bind to at least some DNA sequences [14] [15] [16] . 16, 19 , and to some extent also in cytoplasmic fractions, albeit at lower levels than in the nucleus 16 . The lack of an identified NMTS in Matrin3 means that it is not yet possible to determine which of its nuclear functions depend on its matrix localization. Shuttling between the nucleus and cytoplasm is mediated by the nuclear export signal (NES) located at the N-terminus, and the bipartite nuclear localization signal (NLS) located between the second RRM and the second ZF domain 16, 17 (Fig.1A) . Although no evidence for a cytoplasmic role has yet been described, the presence of a NES and some cytoplasmic localization suggest that such a role may exist.
Molecular interactions of Matrin3
Matrin3 can interact with multiple nuclear proteins, a high proportion of which are involved in RNA binding and/or processing ( immunofluorescence shows co-localization on the nuclear rim of differentiated C2C12 myotubules, although it is unclear if this is in the nuclear membrane or nuclear matrix. This interaction might be involved in the anchoring of the nuclear envelope bound lamins to the nuclear matrix, thereby ensuring structural integrity of the nucleus.
Matrin3-related proteins
Mammals possess two Matrin3-related proteins, RBM20 and ZNF638, which share its overall domain organization, including the related ZF and RRM domains (Fig. 1A) . While Matrin3 and ZNF638 are widely expressed across different cell types, RBM20 expression is mostly restricted to the foetal and adult heart ( Fig 1B) .
ZNF638 (originally known as NP220) has a pair of RRMs between the two C 2 H 2 ZF domains 31 . Sequence identity is highest in the ZF and RRM domains, although RBM20 only has a single RRM domain. RBM20 shares 29% amino acid identity with Matrin3 over 43% of its length. Mapping of the RNA targets of RBM20 by CLIP revealed an optimal UCUU binding motif 32 , which is remarkably similar to the optimal binding sites for both Matrin3 (AUCUU) 22 , and PTBP1 (UUUCU/UCUU) 22, 33 . This is consistent with the fact that the first RRM of PTBP1 recognises YCU motif 34 and has a high degree of identity with the RRMs of Matrin3 (40% and 35%) and RBM20 (51%). RBM20 and ZNF638 lack the PRI motif found in Matrin3, and so presumably do not interact with the splicing regulator PTBP1. Nevertheless, both proteins were 
Matrin3 function in transcriptional regulation
A number of functions have been suggested for Matrin3 throughout the life cycle of mRNAs, from the regulation of transcription, alternative splicing, viral RNA export, mRNA stability, to the DNA damage response. The role of Matrin3 in transcriptional regulation originates from the finding that Matrin3 interacts with the regions of DNA that are present within the scaffold/matrix attachment regions (S/MARs) 3 . These
Matrin3-bound DNA regions augmented transcription when placed upstream of a promoter in a reporter plasmid 37 . Matrin3 binding decreased upon methylation of this DNA region, with a corresponding decrease in transcription, thereby suggesting that Matrin3 can activate transcription 38 . Matrin3 might not be the only factor involved in transcriptional activation by these DNA regions, given that these regions were isolated from the nuclear matrix scaffold that contain many proteins involved in transcription 11, 37 . Matrin3 was also found to bind to Pit1, a transcription factor involved in the activation of multiple genes, most notably the pituary hormone gene.
Enhancer-bound Pit1 has to interact with the nuclear matrix to recruit the transcription factors beta-catenin and SATB1 to specific enhancer loci. The interaction of Pit1 with the nuclear matrix and Matrin3, requires beta-catenin and SATB1, and in absence of these factors Pit1 is unable to activate transcription. A disease-causing dominant negative mutation of Pit1 (R271W) disrupts the interaction with beta-catenin and SATB1, and consequent loss of association of enhancer occupied Pit-1 with the nuclear matrix. This interaction loss can be rescued by fusing Pit1 R271W to the nuclear matrix targeting region from hnRNPU/SAF-A, with the remarkable rescue of enhancer activation and recruitment of transcription coactivators such as p300, and consequent transcription activation 39 .
Transcription is thought to occur in a limited number of "transcription factories"
at fixed locations in the nucleus 40 , which implies anchoring to a structural component that limits diffusion. Besides Matrin3, other components of the nuclear matrix impact transcription, positively and negatively. While Lamin B is associated with insulator sequences 41 , matrix-associated RNA-binding binding proteins seem to aid in 
Matrin3 function in splicing regulation
Generation of alternative spliced mRNAs allows cells to expand their proteome 45 . Transcriptome-wide analysis of changes in alternative splicing upon Matrin3 depletion in HeLa cells revealed that Matrin3 regulates many alternative exons, mostly as a direct repressor but in some cases also as an activator 19 . While
Matrin3 required its RRMs for splicing activation, no evidence of direct binding was found around the enhanced exons, suggesting that this function might be indirect.
Matrin3 was identified as one of the main binding partners of the PTBP1 (Table 1) , interacting with the second RRM domain of PTBP1 19 . This interaction is mediated through a specific small linear motif GILGPPP found between Matrin3's first ZF and the RRMs. This sequence conforms to a consensus PRI (PTBP1 RRM Interaction) motif, originally identified in the PTBP1 co-regulator Raver1 and shown to dock onto the dorsal surface of PTBP1 RRM2 46, 47 , a domain important for PTBP1 repressor activity 48, 49 . Despite this route of identification, comparison between splicing events regulated by Matrin3 or PTBP1 50 revealed that only a subset of events are coregulated by both proteins. This indicates that Matrin3 regulates most of its targets independently of PTBP1. Nevertheless, the activity of Matrin3 as a splicing regulator requires its PRI motif, for both PTBP1-dependent and -independent events 19 (and unpublished observations). This raises the hypothesis that Matrin3 might not only interact with PTBP1, but also with other co-regulatory proteins through its PRI motif, depending on the regulated splicing event. In fact, Matrin3 can interact with multiple RNA binding proteins (see Table 1 ) although it is not yet known which are involved in splicing co-regulation.
The mechanism of splicing repression was examined by mapping Matrin3 binding sites with nucleotide-resolution crosslinking immunoprecipitation (iCLIP). (Fig. 2) . In support of this hypothesis, Matrin3 was found to interact with itself in a yeast two hybrid screen 27 . Another striking feature is that the introns flanking the Matrin3 repressed exons are significantly longer than those flanking other cassette exons, including those regulated by PTBP1. Longer introns may be required to prevent the "bind and spread" mode of action from affecting the flanking constitutive splice sites.
Notably, both of the Matrin3-related proteins RBM20 and ZNF638 have also been reported to regulate alternative splicing 32, 35, 36 , suggesting that it is a core function of this group of proteins. RBM20 has similar RNA binding preference to PTBP1 and Matrin3, consistent with the similarity between their RRMs (Fig 1) .
Strikingly, RBM20 appears to act primarily as a splicing repressor and like Matrin3 binds within both introns flanking repressed exons 32 . Despite these similarities, there are interesting contrasts. While Matrin3 interacts with a known splicing repressor PTBP1 via its PRI, RBM20 interacts with a number of core splicing factors, consistent with having an RS domain, as well as with hnRNPs 32 .
Matrin3 function in RNA stability
Steady-state RNA levels are determined by the rates of RNA synthesis and degradation. In addition to its roles in transcription, Matrin3 has also been implicated the stability of a number of mRNAs 24 . Since Matrin3 interacts with several transcription associated factors, such as DHX9 and hnRNPK, and the noncoding small RNA 7SK, the authors examined alterations in gene expression upon Matrin3 depletion in U2OS cells. Matrin3 depletion decreases the mRNA levels of 77 genes, and Matrin3 binding to these mRNAs was indicated by RNA immunoprecipitation. This interaction is dependent on the second RRM, which interestingly is also the one involved in the RNA-dependent interaction with DHX9 and hnRNPK. The reduced levels of these mRNAs were shown to be due to reduced RNA stability rather than transcriptional down-regulation, indicated by reduced mRNA half-life of three tested mRNAs 24 . The exact molecular mechanism of Matrin3-dependent mRNA stabilization is not entirely understood. However, a subset of stabilized mRNAs might be explained by nonsense mediated decay (NMD) linked to alternative splicing (AS-NMD) 19 . These are splicing events in which one of the splicing patterns introduces a premature termination codon (PTC) leading to NMD 51 . Analysis of mRNA level and splicing changes upon Matrin3 knockdown showed that 15 out of 22 genes with changes in expression greater than 1.5 fold had an associated AS-NMD event that might explain the changes in mRNA level 19 . 
Matrin3 function in viral biology

Matrin3 function in cell survival and DNA damage response
The importance of the multiple functions of Matrin3 is evident from the dramatic effect of its depletion on cell proliferation and on the ability of cells to respond to DNA damaging compounds 17, 60, 61 . Matrin3 is involved in the response to several signals, such as the activation of NMDA receptors 62 or the induction of DNA double strand breaks 60 . Both lead to post-translation modification of Matrin3 by phosphorylation at serine residues, with the former mediated by protein kinase A (PKA) and the latter by the kinase ataxia-telangiectasia mutated (ATM). PKA targets mainly a serine at position 188 57 while ATM targets serine 208 60 . The consequences of these modifications are quite distinct. Matrin3 is the main PKA target upon NMDA receptor activation in rat brain, which culminates in Matrin3 degradation and neuronal cell death, effects that can be blocked by PKA inhibitors 62 .
Several caspases, typically activated/released during apoptosis, can cleave Matrin3, although it is not clear if this is the mechanism occurring during PKA-mediated degradation 63 . Down-regulation of Matrin3 by siRNA transfection in endothelial cells culminates in a decrease of cell proliferation followed by cell necrosis 61 . This 
Associations of Matrin3 with human diseases
In addition to its effect on viruses such as HIV1, inherited mutations of Matrin3 have also been shown to be associated with the neurodegenerative disease amyotrophic lateral sclerosis (ALS). ALS is a neurodegenerative disease affecting lower and upper motor neurons including the spinal cord, typically with adult onset. A Ser85Cys mutation in Matrin3 was found in 1998 as the autosomal dominant mutation in a family with multiple members diagnosed with myopathy 64 .
Subsequently, a Phe115Cys mutation in Matrin3 was found to segregate with disease in a Sardinian family suffering from slow progressing ALS, and re-evaluation of the original family established that the Ser85Cys mutations also causes ALS 65 . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 F o r P e e r R e v i e w 13 13 one missense mutation was found in Matrin3. Patients with Matrin3 Ser85Cys or Phe115Cys mutation suffer from brisk knee reflexes and a 'split-hand' pattern of weakness 65, 66 , symptoms also observed in other ALS patients.
At the molecular level, Phe115Cys mutation leads to intra-nuclear inclusion, and a pronounced increase in Matrin3 protein abundance in the spinal cord neurons.
Aggregation of Matrin3 is also seen in ALS patients with the more common C9orf72 As noted above, expression of the Matrin3-related protein RBM20 is restricted to the heart and is especially high in early development. Consistent with this, mutations of RBM20 were identified in 8 independent families associated with dilated cardiomyopathy 69, 70 . The missense mutations were all located in a hotspot corresponding to the arginine-serine domain of RBM20. Moreover, a large deletion of the RBM20 gene was found to be responsible for altered splicing of titin and other mRNAs in a rat model that also showed symptoms of dilated cardiomyopathy 35 . This suggests that the cardiomyopathy results from missplicing associated with loss of RBM20 function. It remains to be determined whether the mechanisms of ALS pathology arising from Matrin3 mutations are similar to the cardiomyopathy arising from RBM20 mutations.
Conclusions and perspectives
Evidence of the multiple functions of Matrin3 has accumulated over the last 25 years since it was discovered as a component of nuclear matrix. The full extent of functional coupling between the different stages of gene expression has also come into focus during this period, and like many other proteins, Matrin3 has clear roles at 
Figure 2. Proposed model for splicing regulation by Matrin3
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